Ferromagnetic metals and insulators are widely used for generation, control and detection of magnon spin signals. Most magnonic structures are based primarily on either magnetic insulators or ferromagnetic metals, while heterostructures integrating both of them are less explored 1-5 . Here, by introducing a Pt/yttrium iron garnet (YIG)/permalloy (Py) hybrid structure grown on Si substrate, we studied the magnetic coupling and magnon transmission across the interface of the two magnetic layers. We found that within this structure, Py and YIG exhibit an antiferromagnetic coupling field as strong as 150 mT, as evidenced by both the vibrating-sample magnetometry and polarized neutron reflectometry measurements. By controlling individual layer thicknesses and external fields, we realize parallel and antiparallel magnetization configurations, which are further utilized to control the magnon current transmission. We show that a magnon spin valve with an ON/OFF ratio of ~130% can be realized out of this multilayer structure at room
Recently, heterostructures that integrate magnetic insulators and ferromagnetic metals have drawn widespread attention due to the rich magnonic physics therein. Specifically, standing spin waves (SSW) and interlayer magnon-magnon coupling have been detected in such hybrid structures [1] [2] [3] , where yttrium iron garnet (YIG) is the magnetic insulator and a soft ferromagnetic metal (such as Co, CoFeB and Ni) is deposited on top of YIG. In these structures, the dynamic torques generated from interlayer exchange coupling can lead to anti-crossings between different magnon modes in the presence of microwave excitation, which may unlock new functionalities with critical implications both in the classical 6, 7 and quantum domains. In addition to magnonmagnon coupling, the interlayer exchange interaction in YIG/ferromagnetic metal bilayers can enable additional magnonic functions 8 such as the magnon spin-valve effect 4, 5 . In magnon spinvalves, the transmission coefficient of magnons propagating through the heterostructure is tuned by the parallel and antiparallel orientations between the magnetization of two magnetic layers.
One advantage of such a magnonic device is that information is encoded in the form of magnons and a net charge current is not required in principle, thus avoiding Joule heating related dissipation. In existing studies, YIG layers epitaxially grown on Gd3Ga5O12 substrate are generally utilized. However, for practical device applications, spin-valve structures grown on silicon substrates are more preferred 9, 10 . Meanwhile, stronger coupling between YIG and ferromagnetic metals may provide easier customization of the magnetization orientation in the magnon spin-valve structures.
In this work, we demonstrate a newly discovered magnetic coupling in the Si/Pt/YIG/Permalloy(Py) multilayer structures. We show that a pronounced antiferromagnetic coupling exists between YIG and Py layers in the low field regime, with the two layers aligning along the same direction only when the external field exceeds 150 mT. By controlling the layer thicknesses, the relative magnetization orientation can be tailored. Moreover, through spinpumping and spin-Seebeck experiments, we demonstrate that this YIG/Py hybrid structure could serve as an efficient magnon spin-valve. With easy fabrication and fully customizable magnetization configuration, our results suggest the YIG/Py hybrid structures grown on Si represent a semiconductor industry-compatible technique for implementing magnonic spinvalves and thus have broad application in ultralow-power magnonic devices/circuits.
Results

Material structure and magnetic properties
We first deposited Pt(10)/YIG(40) thin films (units in nanometers) on Si/SiO2 substrates by magnetron sputtering [11] [12] [13] [14] , which was followed by rapid thermal annealing (RTA) in an oxygen environment. To characterize the film quality, atomic force microscopy (AFM) measurements were performed ( Fig.1b ), which indicates a surface roughness of approximately 1 nm. Streaky patterns in part of the image indicate the polycrystalline nature of the YIG layer.
After annealing, a 20 nm Py thin film was grown on top of the YIG layer, followed by a 3 nm Ru passivation layer (see the schematic in Fig.1a ).
To characterize the magnetic properties of the hybrid structure, we collect vibrating sample magnetometry (VSM) data at room temperature with magnetic fields applied within the sample plane. As is shown in Fig. 1c , the M-H curve of the Pt/YIG/Py sample shows segmented switching features. After the magnetization sharply switches polarity near Bx = 0 T, it does not immediately reach the saturated magnetization state. Instead, it gradually increases, reaching saturation at around Bx = 150 mT. In order to understand this peculiar behavior, we measured a set of control samples. For the control samples of Py (20) and Pt(10)/YIG(40), the M-H curves exhibit typical easy axis hysteresis loops with low coercive field and square switching shape (the ratio of remanent over saturation magnetization, Mr/Ms ≈ 1), as plotted in the inset of Fig. 1c . By comparing the magnetization of these three samples, we find that in the low field region, the net magnetic moment from the Pt/YIG/Py sample Mtotal is equal to the value of M(Py)-M(YIG), suggesting an antiferromagnetic coupling between these two layers. When the applied field is increased, the net moment from the hybrid structure gradually increases until the net moment Fig. 1c ), which suggests that exchange interaction rather than the dipolar field is responsible for the observed magnetic coupling.
Polarized neutron reflectometry measurements
In order to correlate the magnetization reversal observed in the magnetization curve with the switching behaviors of individual layers and to elucidate the switching mechanisms, we utilized polarized neutron reflectometry (PNR) 15 to probe the depth dependence of both crystalline and magnetic structures. Fig. 2a shows a typical set of PNR data obtained from the Si/Pt(10)/YIG(40)/Py (20) sample under 4 mT of external magnetic field (reached by first saturating to 700 mT and then lowering the field). R ++ and R -represent neutron reflectivity for the non-spin flip channels and Q is the neutron beam wave vector transfer during the reflection.
The solid lines represent theoretical reflectivity curves generated from the scattering length density depth profiles shown in Fig. 2c , agreeing quite well with the experimental data. A series of data sets obtained under fields from 700 mT to 1.5 mT are illustrated in Supplementary Fig.   S1 and S2. Fig. 2b shows the calculated spin asymmetry result, which is defined as SA = (R ++ -
The spin asymmetry highlights the magnetic components of the reflectometry, which is further utilized for evaluating quality of theoretical fits.
Following the techniques described in the methods and supplemental information, we obtain the scattering length density (SLD) profiles (Fig 2c) , which provides information on the orientation and magnitude of in-plane magnetization of individual layers as a function of depth from the sample surface. It can be seen that under high fields, YIG and Py layers both align parallel to the applied field. Upon the reduction of applied magnetic field, the Py magnetization remains roughly unchanged while that from YIG decreases significantly. When the field is lowered to 15 mT, the magnetization of the YIG layer aligns such that approximately 70% of its saturated magnetization (Ms) is antiparallel to the magnetic field (and Py magnetization). The PNR results, including the onset field for YIG magnetization reversal as well as the relative magnitude of the magnetic moment of the different layers during the switching, are in good agreement with the M-H curve shown in Fig 1c. In addition to the magnetic SLD profiles, we also obtained the nuclear SLD profile, which shows that the lattice parameter of each layer is in close agreement with bulk values and indicates smooth interfaces between layers. The low surface roughness suggests that the Si based YIG samples in this work do not have the strong interdiffusion between the substrate and YIG layer as has been reported in gadolinium gallium garnet (GGG)/YIG systems 16, 17 .
Aside from samples which have direct contact between Py and YIG, we also characterized the magnetization switching process using PNR on the control sample of Figure S3 . The full PNR data with theoretical fits can be found in Supplementary Section 2.
Magnon spin-valve effect by spin-pumping and spin-Seebeck effect measurements
Previously the magnon spin-valve effect has been realized in magnetic multilayers. In these experiments, in order to isolate the coupling between two ferromagnetic layers and allow both parallel and antiparallel configurations, an insertion layer made from antiferromagnetic insulator or paramagnetic metals 4, 5 has been employed. Because of the intrinsic, strong antiferromagnetic coupling in our structure, the relative magnetic orientation between the YIG and the Py layers can be toggled between the two opposite states without this additional spacer layer. In the following, we perform both spin-pumping and spin-Seebeck effect (SSE) measurements to study the modulation on magnon current transport in this hybrid structure ( Fig.   3b and 3d).
As shown in Fig. 3a Figure S5 ) is measured between the Py/Ru top layer and the Pt underlayer in our experiment, suggesting that the thick YIG layer can completely isolate the direct electrical current flow from Py to Pt. This allows us to exclude additional contributions from the RF rectification effect within the Py layer [22] [23] [24] . Therefore, the obtained signals can be directly attributed to the spin pumping mechanism without relying on detailed analysis of the resonance lineshape 25 .
We quantitatively characterized the spin pumping signal as a function of the applied RF signal frequency (or equivalently, the resonance field Bres). We note that under the lowest applied field (RF frequency f = 3 GHz), the spin-pumping voltage Vsp remains small. With the increase of f (from 3 GHz to 9 GHz) and Bres, Vsp increases from 15 nV/mW to 34.2 nV/mW. To further understand the evolution of Vsp, we carried out a control experiment on a simple Pt/Py bilayer film. As is illustrated in Fig. 3c , a completely different trend has been observed in the Pt/Py sample, where Vsp decreases with the increase of resonance frequency. This latter trend is also consistent with previous reports 26-28 in similar spin-pumping experiments, which can be explained by the reduction of precession cone angle under a higher driven frequency (or equivalently, a larger external magnetic field). The observed monotonic increase of Vsp as a function of frequency in Si/Pt/YIG/Py hybrid structure is consistent with the magnon spin-valve mechanism as schematically illustrated in Fig. 3a , where the antiparallel configuration between the two magnetic layers blocks part of the magnon spin transport by lowering down the spin transmission coefficient at the interface.
In addition to the spin-pumping experiment, we also carried out spin-Seebeck effect measurements in which a temperature gradient of 25 K (see Methods) is created along the vertical direction in the Si/Pt/YIG/Py structure. As plotted in Fig. 3d , the spin-Seebeck voltage VSSE detected in the Pt layer increases monotonically with the in-plane magnetic field from 0 T to 0.1 T, again consistent with the scenario that the parallel configuration between Py and YIG magnetizations allows more magnon transmission from Py through the YIG layer than the antiparallel case. Importantly, we notice that even in the low field regime (from 0 mT to 50 mT),
where Py and YIG are mostly antiparallel, the VSSE in Pt/YIG/Py is greater than the VSSE measured in a Pt/YIG control sample, suggesting that magnons generated from the Py layer dominates.
Discussions
The measured antiferromagnetic coupling between Py and YIG corresponds to an interfacial exchange energy of ~8.6×10 -4 J/m 2 , which is orders of magnitude stronger than the value reported in single-crystal YIG/Py hybrid structure 29 . The strong, intrinsic antiferromagnetic coupling between Py and YIG layers in our structure directly facilitates the realization of magnonic spin-valve effect. The elimination of extra spacer layers avoids additional spin scattering during magnon conversions, which not only enhances the efficiency but also removes the restraints set by the spacer layer, such as antiferromagnetic Néel transition temperature 30,31 .
In our spin pumping experiment, the magnonic spin-valve effect can be evaluated as ↑↑ ↑↓ / ↑↓ =130%, which is comparable to the value measured in the YIG/CoO/Co structure reported previously 5 , except for the fact that our measurement is carried out at room temperature while previous results are obtained under 120 K. In our experiment, the magnon spin-valve switches under high and low magnetic field. Further nanoscale fabrication can introduce shape anisotropy into the magnetic layers, which will allow the realization of bi-stability between the parallel and antiparallel states and work as a non-volatile switch. The fact that the magnonic spin-valve operates efficiently at room temperature and it can be integrated with other Si-based electronics with few difficulties suggest that the studied material system can provide a nice platform for realizing magnon based spin logic/memory devices. contributed to theoretical analysis. Y. F., P. Q., A. J. G. and L. L. wrote the paper with the help from all the other co-authors.
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Methods
Complete dataset of polarized neutron reflectometry on the
Si/Pt(10)/YIG(40)/Py(20)/Ru(3) sample and alternative fitting models
The entire non-spin flip polarized neutron reflectometry (PNR) dataset collected on the sample with YIG in direct contact with Py, for each field condition, are shown in Fig. S1 . The field was first set to 700 mT for a saturation measurement, and then the field was progressively decreased for measurements down to 1.5 mT; a final measurement was collected by applying -700 mT and increasing the field up to 1.5 mT. We observe no statistically significant spin flip (R +and R -+ ) scattering which indicates that the incomplete reversal of the YIG magnetization cannot be explained by a net in-plane magnetization perpendicular to the field direction. The data were fit in parallel with the structure constrained such that it is invariant with field and the resulting models fit the data with an average chi squared (χ 2 ) of 2.18 for the data sets. We also attempted modelling the PNR data by including the nucleation of a vertical domain wall in the YIG, starting at the YIG/Py interface, as shown in Fig. S2 , but we found that this model fits the data to a worse χ 2 of 2.5.
Furthermore, there were no indications of discernible proximity induced magnetism in the Pt layer in our modeling. While PNR cannot completely rule out any induced magnetism in Pt, we do not see any evidence of the magnetic proximity effect at 700 mT; given the small magnetization of YIG, it is not surprising that there was no perceptible moment in the Pt layer. shown in Fig S3. The PNR data are collected and fitted using the same methodology as for the sample discussed previously. We find that when the Py is sufficiently thin, the YIG magnetization dominates and causes the Py to flip to being antiparallel to the external field (and YIG magnetization) at low field region. Further, the thickness of the Py is such that a vertical domain wall would not fit within the film, suggesting that direct antiparallel coupling at the Py/YIG interface determines the magnetization orientation, rather than a coherently rotating domain wall in the YIG. Lastly, we note that this arrangement provides a mechanism, through the relative YIG and Py thicknesses, of precisely tuning the net magnetization of the system at low field, potentially resulting in a switch from a perfectly compensated state to, at high fields, a completely parallel configuration. 
I-V measurement on the Si/Pt(10)/YIG(40)/Py(20)/Ru(3) sample to show the electrical insulation between the Pt layer and the Py layer
We have carried out I-V measurements in the film normal direction (see Fig. S5 inset) on From the measured data, we find that after normalizing the obtained spin pumping voltage with the applied microwave power under each frequency, Vsp for this control sample monotonically decreases as the RF frequency increases, as shown in Fig. S7 . This decrease is most likely due to the smaller ferromagnetic-resonance cone angle of the Py layer at higher external magnetic field, which is typical in conventional spin-pumping experiment 1-3 . Figure S7 : Spin-pumping result on the control sample Si/Pt(10)//Py(20)/Ru (3) under different frequencies. Inset shows the peak value Vsp measured under different frequencies versus the inplane resonance field. The spin-pumping was carried out using a power-modulation technique with the output power (17dBm) modulated by 50%.
